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The AU-rich element (ARE) is a stability determinant found in the 3′ UTR of a number of short-lived mRNAs. The best characterized ARE is
the Shaw–Kamen (SK) box or AUUUA motif. Previously, a fungal metabolite, radicicol analog A (RAA), was shown to destabilize SK box-
containing mRNAs based on 16 mRNAs examined [T. Kastelic et al., Cytokine 8 (1996) 751–761]. Using serial analysis of gene expression
(SAGE) to examine the global effect of RAA on mRNA expression in interferon-γ/lipopolysaccharide-stimulated THP-1 human monocytes, we
observed that the expression level of greater than 99% of the SAGE tags was unchanged by RAA treatment and only 34 of the 17,608 unique tags
annotated were reduced (p≤0.0001). RAA destabilized approximately half of the down-regulated transcripts. Whereas all the destabilized
mRNAs possessed at least one SK box, for transcripts not destabilized but nonetheless down-regulated, RAA appears to function by a SK box-
independent mechanism not currently understood.
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inflammation, are characterized by the inappropriate stabiliza-
tion of mRNA [1]. Many of these mRNAs, for example c-myc,
TNFα, IL-1β, GM-CSF, IL-3, IL-6, and IL-8, are regulated
posttranscriptionally, that is, at the level of mRNA stability or
degradation [2–12]. mRNA degradation is not a default
nonspecific process in which all mRNAs are degraded in the
same fashion, but rather the stability of individual mRNAs is
tightly regulated (reviewed in [13]). Although slight changes in
the rate of mRNA decay greatly influence steady-state levels,
how transcript-specific decay is controlled is still poorly
understood [14,15].
Regulation of mRNA turnover involves specific cis-acting
elements, trans-acting factors, the activation of nucleases, and
the control of signal transduction pathways (reviewed in
[15]). In addition to the 5′ 7-methylguanosine cap structure
and the 3′ poly(A) tail complexed with poly(A) binding
proteins, which slows exonucleolytic degradation, a number
of cis-acting elements have been identified that either stabilize⁎ Corresponding author. Fax: +1 604 395 7067.
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doi:10.1016/j.ygeno.2007.08.002or destabilize messages. These elements have been localized in
the 5′ UTR [e.g., iron-response element (IRE)], coding regions
(e.g., c-fos and c-myc coding region determinants), and 3′ UTR
[e.g., IRE and the adenylate–uridylate-rich element (ARE)]
(reviewed in [16]). First identified by Shaw and Kamen as a
destabilizing motif [17], the ARE, found in the 3′ UTR of a
number of short-lived mRNAs, is the most studied mRNA
modulating element. Sequence analysis of the 3′ UTR of labile
mammalian mRNAs revealed that AU-rich regions usually
contain at least one pentamer, AUUUA [also known as the
Shaw–Kamen (SK) box], and an AU-rich stretch of 50–150
nucleotides [18]. Studies have shown that the number and
organization of SK boxes are important in determining mRNA
stability and decay kinetics [18–21]. In fact, the presence of
multiple copies of the nonamer UUAUUUA(U/A)(U/A),
together with U-rich stretches, is a more potent destabilizer
than a single SK box in certain models [22,23]; however, the
presence of an ARE in the 3′ UTR does not necessarily equate
with having a role in mRNA stability. Studies examining the
posttranscriptional regulation of the relatively stable luteinizing
hormone receptor mRNA [mRNA half-life (t1/2)≈3 h] revealed
that removal of six SK boxes did not affect its mRNA stability
[24].
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regulated, the use of inhibitors that perturb this regulation has
been useful not only to categorize mRNAs but also to
demonstrate that mRNAs are, in fact, regulated differently
[25,26]. The use of a small-molecular-weight compound to
modulate mRNA levels was demonstrated in the human
monocytic leukemic cell line THP-1 [2]. In that study, a
radicicol-related macrocyclic fungal metabolite, radicicol
analog A (RAA; see Fig. 1), significantly decreased the
steady-state level of TNFα, IL-1β, and IL-6 mRNAs in
stimulated THP-1 cells. To characterize better the ability of
RAA to modulate mRNA levels in THP-1 cells, we used the
unbiased serial analysis of gene expression (SAGE) technology
[27,28] in the present study, to obtain a more comprehensive list
of mRNAs down-regulated by RAA treatment and to determine
if the down-regulated mRNAs can be predicted by the number
and organization of SK boxes.
Results
Comparison of SAGE tags from interferon-γ (IFN-γ)/
lipopolysaccharide (LPS)-stimulated THP-1 cells in the
absence or presence of RAA
In the previous work by Kastelic et al., RAA down-regulated
only SK box-containing mRNAs based on 16 mRNAs
examined [2]. With the advent of technologies geared toward
capturing gene copy number and expression profiling, we
undertook to characterize the effect of RAA on the transcrip-
tome-wide expression profile in human THP-1 leukemic cells
using SAGE technology [27,28]. Two SAGE libraries prepared
from total RNA harvested from IFN-γ/LPS-stimulated THP-1
cells (t=24 h) treated with RAA (1 μM) or solvent control for
8 h, were sequenced and analyzed. A total of 91,488 tags from
both SAGE libraries were sequenced (untreated, 47,358 tags;
RAA-treated, 44,130 tags). From these tags, DiscoverySpace
software (see Materials and methods) annotated 66,734 reliable
tags representing 34,683 and 32,051 tags from control and
RAA-treated libraries, respectively.
As shown in Fig. 2, RAA preferentially down-regulated
mRNAs in IFN-γ/LPS-stimulated THP-1 cells. At a confidence
level of 99.99%, only 46 of a total of 17,608 unique tags
expressed were affected by RAA. The majority of tags, 99.74%,
were unaffected by RAA. Of the tags affected by RAA, only 34
tags were found to be down-regulated (diamonds, Fig. 2) and 12
tags were up-regulated in the presence of RAA. Analysis of 800Fig. 1. Chemical structure of radicicol analog A (RAA).SAGE tags (400 most down-regulated and 400 most up-
regulated SAGE tags) revealed that greater than 89% of the tags
matched to known annotated genes or ESTs.
In the current study, we have only focused on the down-
regulated SAGE tags. Of the 34 tags down-regulated by RAA, 2
tags were found to map to antisense mRNAs (see Table 1).
Since human antisense mRNA expression is estimated to be
between 8 and 22% [34,35], we expected to find between 3 and
7 SAGE tags in the control SAGE library mapping to antisense
mRNAs. The 2 SAGE tags uniquely mapped to antisense CCL3
and CCL4 family member transcripts, were of high expression
(tag count N16), and were down-regulated greater than 16-fold
by RAA. Interestingly, these antisense messages have corre-
sponding sense transcripts that were also highly expressed and
highly down-regulated by RAA. Although the nature of these
transcripts has not been studied further, the fact that both the
sense and the antisense transcripts of CCL3 and CCL4 family
members are down-regulated by RAA suggests that, for these
genes, the mechanism of down-regulation is not simply based
on a common primary sequence. In this context, it is interesting
to note that microRNAs, antisense RNA molecules that are
endogenously encoded and play a major role in the regulation of
gene expression [36], are implicated in ARE-mediated mRNA
instability and require the ARE binding protein, tristetraprolin
[37].
Analysis of 800 SAGE tags (400 most down-regulated and
400 most up-regulated SAGE tags) queried with the ARED
online database [38] revealed that more SK box-containing
mRNAs were encoded by down-regulated tags compared to up-
regulated tags (8.5% versus 1.5%). Compared to the approxi-
mately 5–8% ARE-containing mRNAs in the human genome
[38–40], fewer SK box-containing mRNAs were found in the
SAGE tags up-regulated in the presence of RAA, indicating a
bias of RAA to down-regulate SK box-containing mRNAs.
However, even though RAA down-regulated 75% of mRNAs
containing SK boxes (fold changes N1.5), RAA also affected
non-SK box-containing mRNAs.
The tag-to-gene mapping or potential identities of the 34
SAGE tags down-regulated (p≤0.0001) upon RAA treatment in
IFN-γ/LPS-stimulated THP-1 cells are shown in Table 1. The
most down-regulated tag, corresponding to CCL4-like 1mRNA,
was reduced over 1000-fold, followed by a 187-fold reduction in
the tag corresponding to the CCL3 (MIP1α) family of cytokine
mRNAs: CCL3, CCL3-like 1, and CCL3-like 3. As seen in
Table 1, RAA treatment down-regulated many mRNAs encod-
ing inflammatory cytokines, such as the chemokine CC and
CXC ligand, and interleukin families. The majority of SAGE
tags mapped uniquely to known genes but some did lead to
multiple gene-to-tag definitions [e.g., CCL5 (Rantes) and
ZNF31 both share the same 5′-ATGAAACCCC SAGE tag
sequence] and multiple tag-to-gene identities (e.g., CCL5 has
two RAA-down-regulated SAGE tags: 5′-AAAAATCGGC and
5′-ATGAAACCCC), as well as to two antisense mRNAs.
Multiple tag-to-gene assignments could be ascribed to the use of
alternative polyadenylation sites, alternative slicing, or oligo
(dT) priming to internal poly(A) sequences during first-strand
synthesis (e.g., CCL5 and TNFSF10).
Fig. 2. Comparison of mRNA expression pattern between IFN-γ/LPS-stimulated THP-1 cells (t=24 h) in the presence and absence of 1 μM RAA. A total of 66,734
reliable tags were obtained from IFN-γ/LPS-stimulated THP-1 cells (t=24 h) representing 34,683 and 32,051 tags, from −RAA control (8 h incubation with 0.1%
methanol) and +RAA (8 h incubation with 1 μM RAA, 0.1% methanol), respectively.
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While SAGE provides an unbiased survey of potential
mRNAs sensitive to RAA, verification of the SAGE data by
two-step real-time RT-PCR was performed to address the issues
of variability in SAGE tag frequencies, the presence of
nonunique tags, multiple tag-to-gene mappings due to internal
poly(A) sites, splice variants, or the use of alternative poly(A)
signal sequences. Thirty-four SAGE tags determined to be
down-regulated by RAA (p≤0.0001) mapped potentially to 35
unique genes, excluding antisense transcripts (Table 1). For tags
that potentially encode close members of the chemokine (C-C)
motif ligand 3, chemokine (C-C) motif ligand 4, and thymosin
families, no attempt was made to distinguish which transcript
was expressed. Twenty-five mRNAs identified by SAGE to be
down-regulated by RAA were confirmed (see Table 2), which
included the CCL4, CCL3, and TMSB4X transcript families.
Four mRNAs, ZNF31, IL10RA, SNAPC2, and CHORDC1,
were insensitive to RAA; however, their corresponding 3′
SAGE tags also mapped to mRNAs CCL5, BAGE, USP18, and
CYP3, respectively, which were down-regulated by RAA. Two
highly expressed SAGE tags, 5′-TATTTTCATA and 5′-GGGA-
GGGGTG, which potentially mapped to RNF8 and MMP14
mRNAs, respectively, were not confirmed by RT-PCR and
therefore currently remain unassigned.
Effect of RAA on mRNA stability
All 25 transcripts identified by SAGE and verified by RT-
PCR to be down-regulated by RAA were studied further todetermine if RAA exerted its effect at the level of mRNA
stability by measuring their half-lives in the presence or
absence of RAA. In addition, mRNA half-lives for IL-6, IL-
1α, and COX2 were also determined. Although all 28 mRNAs
shown in Table 3 were sensitive to RAA at the steady-state
mRNA level, only one mRNA, IL-1β mRNA, was destabi-
lized in the presence of RAA in unstimulated THP-1 cells
[t1/2=53 min (−RAA) versus 22 min (+RAA)] but 10
previously unaffected mRNAs were destabilized by RAA
after the cells had been treated with IFN-γ/LPS. The fact that
there would be such a difference in the number of destabilized
mRNAs in the presence of RAA between unstimulated and
stimulated THP-1 cells has not been appreciated or previously
reported. This strongly suggests the involvement of specific
“stimulation-associated” cellular factors in the mechanism of
action of RAA. It is interesting to note that the most dramatic
change in mRNA stability occurred in genes involved in the
inflammatory response, such as IL-6, IL-1β, IL-8, IL-10RA,
CCL3, CCL4, CCL8, and COX2. All of these destabilized
transcripts contained at least one copy of the SK box in their
3′ UTR; however, not all SK box-containing mRNAs, either
in unstimulated or in stimulated cells, were destabilized by
RAA. The fact that not all SK box-containing transcripts were
destabilized suggests that the presence of a SK box motif in
the 3′ UTR is not sufficient as a predictor of RAA-induced
mRNA destabilization. Until explicit mutation of the SK
boxes is carried out in the SK box-containing mRNAs
destabilized by RAA, the necessity of this motif for RAA-
induced mRNA destabilization has not been unequivocally
established.
Table 1
Tag-to-gene mapping of significantly (p≤0.0001) down-regulated tags from SAGE libraries prepared from IFN-γ/LPS-stimulated THP-1 cells, in the absence or
presence of RAA
No. Tag sequence Tag frequency Fold decrease p value GenBank Accession No. Potential identity
−RAA +RAA
1 TGTTTTCATA 1133.56 1.08 1047.0 5.255×10−320 NM_001001435 CCL4L1
2 GCACCAAAGC 606.30 3.25 186.7 2.49×10−166 BC007783 CCL3L3
GCACCAAAGC 606.30 3.25 186.7 2.49×10−166 BC027888 CCL3L1
GCACCAAAGC 606.30 3.25 186.7 2.49×10−166 NM_002983 CCL3
3 GATAACACAT 463.23 2.17 213.9 6.58×10−128 NM_002984 CCL4
4 TGGAAGCACT 109.05 0.00 109.1 1.09×10−31 NM_000584 IL-8
5 AAAAATCGGC 358.18 134.25 2.7 1.18×10−23 NM_002985 CCL5
6 GATCATCAAG 87.04 2.17 40.2 1.84×10−22 NM_005623 CCL8
7 CAATTTGTGT 72.04 0.00 72.0 3.57×10−21 NM_000576 IL-1β
8 TTACATAAGA 178.09 43.31 4.1 7.22×10−20 NM_001565 CXCL10
9 TATTTTCATA 62.03 0.00 62.0 2.48×10−18 NM_003958 RNF8
10 GTACTAGTGT 55.03 0.00 55.0 2.42×10−16 NM_002982 CCL2
11 TATTTGCAAC 53.03 0.00 53.0 8.97×10−16 NM_002984 CCL4 a
TATTTGCAAC 53.03 0.00 53.0 8.97×10−16 NM_001001435 CCL4L1 a
12 TAGCCCCCTG 45.02 1.08 41.6 3.89×10−12 NM_000594 TNFα
13 TGATGCTGAC 45.02 1.08 41.6 3.89×10−12 NM_016584 IL23A
14 TTGGGGTTTC 762.37 512.09 1.5 6.07×10−12 NM_002032 FTH1
15 TAATGAATAA 48.02 3.25 14.8 6.18×10−11 NM_004049 BCL2A1
16 CCACTACACT 47.02 3.25 14.5 1.12×10−10 NM_003810 TNFSF10
17 GATTTGTGTT 68.03 11.91 5.7 1.93×10−10 NM_012124 CHORDC1
GATTTGTGTT 68.03 11.91 5.7 1.93×10−10 NM_005729 CYP3
18 GACTTGTATA 48.02 5.41 8.9 2.14×10−9 NM_020529 NFKBIA
19 AATAAAGTTA 50.02 8.66 5.8 4.79×10−8 NM_003083 SNAPC2
AATAAAGTTA 50.02 8.66 5.8 4.79×10−8 NM_017414 USP18
20 TTTTTTATTC 41.02 5.41 7.6 1.03×10−7 NM_001558 IL10RA
TTTTTTATTC 41.02 5.41 7.6 1.03×10−7 NM_001187 BAGE
21 ATGAAACCCC 97.05 37.89 2.6 4.85×10−7 NM_002985 CCL5
ATGAAACCCC 97.05 37.89 2.6 4.85×10−7 BC011404 ZNF31
22 AATGAACAAT 46.02 9.74 4.7 1.12×10−6 NM_004148 NINJ1
23 TAACAGCCAG 48.02 10.83 4.4 1.23×10−6 NM_020529 NFKBIA
24 TACCTGCAAA 36.02 5.41 6.7 1.53×10−6 NM_000265 NCF1
25 CGTGTGACCT 20.01 0.00 20.0 2.15×10−6 BC007783 CCL3L3
CGTGTGACCT 20.01 0.00 20.0 2.15×10−6 BC027888 CCL3L1
CGTGTGACCT 20.01 0.00 20.0 2.15×10−6 NM_002983 CCL3
26 AATTGCAAGA 40.02 8.66 4.6 7.08×10−6 NM_145699 APOBEC3A
27 GTTATAATAC 18.01 0.00 18.0 7.96×10−6 NM_005627 SGK
28 GTTGTGGTTA 672.33 520.75 1.3 1.72×10−5 NM_004048 B2M
29 ACTGCCTACA 16.01 0.00 16.0 2.95×10−5 BC007783 CCL3L3 a
ACTGCCTACA 16.01 0.00 16.0 2.95×10−5 BC027888 CCL3L1 a
ACTGCCTACA 16.01 0.00 16.0 2.95×10−5 NM_002983 CCL3 a
30 TTTGCTGTAG 32.02 6.50 4.9 4.09×10−5 Hs.478275 TNFSF10
31 GGGAGGGGTG 32.02 6.50 4.9 4.09×10−5 AY795074 MMP14
32 CAAGGGCTTG 34.02 7.58 4.5 4.49×10−5 NM_015646 RAP1B
33 TAAGAAAGAG 38.02 9.74 3.9 4.90×10−5 Hs.20315 IFIT1
34 TTGGTGAAGG 256.13 172.14 1.5 7.01×10−5 NM_021109 TMSB4X
TTGGTGAAGG 256.13 172.14 1.5 7.01×10−5 NM_183049 TMSL3
The tag frequency was normalized to 34,700 tags for both libraries. Fold decrease was calculated as the ratio of the SAGE tag frequency, −RAA library, to the SAGE
tag frequency, +RAA library. Tags expressing a tag count of 0 in the +RAA library were set to 1 prior to calculating the fold decrease.
a SAGE tag mapping to antisense mRNA.
726 I.W.Y. Mak et al. / Genomics 90 (2007) 723–732Among the RAA down-regulated mRNAs listed in Table 3,
mRNAs not containing SK boxes were not affected at the level
of mRNA stability, suggesting that the reduction in steady-
state level of mRNAs is likely at the transcription level. This
was also observed in some transcripts containing SK boxes.
For example, RAA did not affect the mRNA half-life of the
nine SK box-containing TNFα mRNAs, yet it decreased the
steady-state mRNA level by 7-fold. Thus, it appears that RAA
is able to down-regulate some mRNAs, possibly at thetranscription level, by a mechanism that is independent of SK
boxes.
To determine whether the number and/or organization of SK
boxes affects the ability of RAA to destabilize or reduce mRNA
half-life, we examined the relationship of the fold decrease in
mRNA half-lives due to RAAwith the number of SK boxes or
with the number of SK boxes in tandem, overlapping AUUUA
motifs as defined by the ARED clustering groups established by
Bakheet et al. [38–40]. It appears that the influence of RAA on
Table 2
Potential mRNAs significantly down-regulated (p≤0.0001) by RAA treatment
(1 μM, 8 h) in IFN-γ/LPS-stimulated THP-1 cells (t=24 h) compared between
SAGE libraries and two-step real-time RT-PCR
Fold decrease ARED clustering
group
No. of
SK boxes
mRNA SAGE RT-PCR
CCL4 a 491.6 12.5 V 2
CCL3 a 192.8 19.2 IV 4
IL-8 109.1 17.5 II 9
CCL5 2.6 2.1 – 0
ZNF31 2.6 0.8 V 3
CCL8 40.2 9.9 V 5
IL-1β 72.0 52.6 I 6
CXCL10 4.1 1.3 V 1
RNF8 62.0 0.8 V 3
CCL2 55.0 19.6 V 1
TNFα 41.6 6.6 III 9
IL23A 41.6 5.1 V 4
FTH1 1.5 1.2 – 0
BCL2A1 14.8 5.1 – 0
TNFSF10 8.1 2.6 – 0
CHORDC1 5.7 0.7 V 3
CYP3 5.7 1.9 V 1
NFKBIA 5.9 1.9 V 3
SNAPC2 5.8 1.0 – 0
USP18 5.8 2.1 V 3
IL10RA 7.6 1.2 III 4
BAGE 7.6 0.7 V 1
NINJ1 4.7 1.7 – 0
NCF1 6.7 4.7 – 0
APOBEC3A 4.6 1.5 – 0
SGK 18.0 3.0 V 4
B2M 1.3 1.1 V 3
MMP14 4.9 1.0 – 0
RAP1B 4.5 1.4 V 3
IFIT1 3.9 1.2 V 1
TMSB4Xa 1.5 1.3 – 0
COX1 0.9 0.8 V 3
COX2 b 7.0 III 17
IL-1α b 35.7 V 5
IL-6 4.6 32.3 V 6
Shown is the presence or absence of SK boxes in the mRNA 3′ UTR between
the stop codon and the poly(A) signal sequence and its clustering group
classification based on the ARE-mRNA database (ARED) established by
Bakheet et al. [38–40]. For mRNAs expressing multiple tags, the tag counts
were added prior to normalizing the libraries to 34,700 tags. Tag counts of 0 in
the RAA-treated SAGE library were set to 1 prior to calculating fold decrease.
The ΔΔCT method was used to calculate the fold change determined by two-
step real-time RT-PCR, using SNAPC2 mRNA for normalization.
a This transcript can potentially represent expression of closely related gene
family members.
b SAGE tag was not present in either the +RAA or the -RAA SAGE library.
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boxes (r2 =0.2634, Fig. 3A), but a somewhat stronger correla-
tion was observed when it was compared to the number of SK
boxes in tandem (r2 =0.7977, Fig. 3B). The greatest range in
mRNA stability influenced by RAA occurred in transcripts
possessing only one SK box. Again, TNFα mRNA appeared to
be an outlier, with three SK boxes in tandem and insensitive to
RAA (fold decrease=1.1). The data suggest that it is not simply
the presence and number of SK boxes that predict sensitivity to
RAA, but possibly how these motifs are organized relative to
one another.Discussion
The ability of small molecules to down-regulate mRNA
levels has potential therapeutic applications. A number of
small molecules capable of down-regulating mRNA levels
have been reported [2,25,26,41–48]. However, their specifi-
city and mechanism of action are poorly understood. In the
present study, we used SAGE technology to examine the
effects of RAA on the transcriptome-wide expression of
mRNAs in stimulated human THP-1 cells. Previously, it was
thought that RAA was specific for destabilizing mRNAs
containing the AUUUA instability motif (SK boxes) based on
16 mRNAs examined [2]. Since the human genome encodes
over 4000 transcripts containing SK boxes [40], it was of
interest to determine to what extent RAA affected SK box-
containing mRNAs. We show here that RAA down-regulates
about 0.2% of the mRNAs annotated in 17,608 unique tags in
THP-1 cells. Approximately half of the down-regulated
mRNAs were destabilized by RAA as measured by a reduced
mRNA half-life. All of the transcripts with reduced mRNA
half-lives contained at least one SK box. The degree of
destabilization by RAA appeared to correlate poorly with the
number of SK boxes but was moderately correlated with the
number of SK boxes in tandem, suggesting that a higher order
structure of the mRNA involving SK boxes may be important.
RAA was also found to down-regulate mRNA expression by a
mechanism that did not involve destabilization of the affected
transcripts. This mechanism appears to be SK box indepen-
dent. We speculate that this activity of RAA is at the
transcriptional level (see below), although other mechanisms
of action are possible.
Our findings support and extend the findings of Frevel et al.,
who used the pyridinyl imidazole p38 MAPK inhibitor,
SB203580, to probe the contribution of the p38 pathway to
mRNA stability of ARE-containing transcripts [26]. Using a
defined cDNA microarray containing 950 AU-rich genes
identified from the ARED [38], SB203580 destabilized
mRNAs for SCYA4 (CCL4), IL-1β, SCYA3 (CCL3), IL-8,
COX2, IL-1α, CCL2 (SCYA2), and SCYB10 (CXCL10), to a
degree similar to what we observed using RAA. However, the
use of SAGE technology to examine the effect of RAA on the
entire transcriptome revealed that RAA not only was found to
down-regulate SK box-containing transcripts but also induced
the down-regulation of non-SK box-containing mRNAs, as well
as antisense transcripts.
The ability of RAA to decrease mRNA stability appears to
be dependent on the state of the cell as seen by the dramatic 10-
fold increase in the number of genes whose mRNA half-lives
become sensitive to RAA only after IFN-γ/LPS treatment. The
mRNA levels of many genes are affected by endotoxin
treatment of primary monocytes and THP-1, including those
involved in the change from a nonadherent to an adherent,
macrophage-like morphology, to “arm” these cells for host
defense [26,49,50]. The genes or metabolic pathways respond-
ing to IFN-γ/LPS treatment, important for the mRNA-
destabilizing property of RAA, are not known. The work
presented here, however, shows that the ability of RAA to
Table 3
The effect of RAA (1 μM) on mRNA half-life in unstimulated (t=−8 h) and in IFN-γ/LPS-stimulated THP-1 cells (t=16 h)
t=−8 h t=16 h
mRNA No. of SK
boxes
Half-life:
+ActD
Half-life:
+ActD+RAA
Ratio Half-life:
+ActD
Half-life:
+ActD+RAA
Ratio
IL-1β 6 53 22 2.4 76 22 3.5
IL-1α 5 NE a NE a – 30 17 1.8
IL-6 6 NE a NE a – 44 11 4.0
CCL2 1 264 256 1.0 147 78 1.9
CCL3 4 21 23 0.9 83 33 2.5
IL-8 9 22 19 1.2 44 17 2.6
CCL4 2 LCb LCb – 120 39 3.1
CCL8 5 NE a NE a – 150 38 3.9
COX2 17 LCb LCb – 63 25 2.5
TNFα 9 21 17 1.2 9 8 1.1
IL23A 4 57 49 1.2 69 37 1.9
BCL2A1 0 323 296 1.1 117 132 0.9
NCF1 0 123 97 1.3 153 220 0.7
SGK 4 31 36 0.9 15 13 1.2
TNFSF10 0 86 93 0.9 70 76 0.9
CCL5 0 1270 1450 0.9 552 571 1.0
USP18 3 142 151 0.9 144 143 1.0
NFKBIA 3 25 23 1.1 17 14 1.2
CYP3 1 214 202 1.1 243 223 1.1
NINJ1 0 358 352 1.0 300 246 1.2
APOBEC3A 0 NE a NE a – 147 170 0.9
RAP1B 3 290 274 1.1 167 153 1.1
CXCL10 1 123 130 0.9 82 66 1.2
TMSB4X 0 705 623 1.1 364 393 0.9
IL10RA 4 62 54 1.1 56 26 2.2
FTH1 0 303 329 0.9 284 320 0.9
IFIT1 1 398 422 0.9 61 67 0.9
B2M 3 334 308 1.1 343 400 0.9
mRNA half-lives were measured for transcripts down-regulated by RAA by a factor greater than 1 (based on RT-PCR, see Table 2). Half-life measurements (in
minutes) were determined using two-step real-time RT-PCR. Ratios of mRNA half-lives in the presence of ActD to mRNA half-lives in the presence of ActD+RAA
greater than 1.5-fold are shown in boldface.
a NE, not expressed.
b LC, low copy number.
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stabilized by IFN-γ/LPS treatment, but also in messages that
are destabilized during macrophage differentiation.
Even though RAA destabilized a number of transcripts, none
of the mRNA half-lives measured were less than that of TNFα
mRNA (t1/2≈9 min). A number of mRNA half-lives measured
in the presence of RAA were approximately 20 min, a value
approaching the shorter mRNA half-lives reported in verte-
brates (t1/2≈20 min, reviewed in [13]). It is interesting to note
that other compounds known to influence mRNA stability in the
THP-1 model system, such as SB203580, SB202190, or the
extracellular signal-regulated kinase inhibitor, PD98059
[25,26], also did not decrease mRNA half-lives below this
“limiting” value. The fact that RAA did not reduce transcript
half-lives to the level observed with TNFαmRNA suggests that
individual mRNAs are stabilized differently. Although some
factors may be common between transcripts (e.g., RNA binding
proteins and signal transduction enzymes), the subtle regulation
of mRNAmay be a result of how these and other factors interact
with one another to change the three-dimensional structure of an
mRNA. Therefore, the stability of mRNA may be influenced by
the inherent mRNA modulatory elements unique to eachtranscript, which in turn alters its susceptibility to, and the
processivity of, nucleases. The “limiting” mRNA half-life
observed for TNFα mRNA may reflect a basal mRNA decay
constant that can be decreased (i.e., mRNA stabilized)
depending on the mRNA's ability to form secondary structures
(e.g., stem–loops) and/or interact with trans-acting factors
recognizing cis-acting elements.
In addition to influencing mRNA half-life, RAA also down-
regulated the steady-state mRNA levels of a number of genes
that could not be explained by changes in transcript stability.
The basis for this SK box-independent regulation, possibly at
the transcriptional level, is currently not understood. The ability
of RAA to affect mRNA transcription was recently shown by
Takehana et al. [51]. This study showed that 87-250904-F1
(RAA), LL-Z1640-2 (a molecule structurally similar to RAA),
and radicicol could inhibit AP-1 but not NF-κB-dependent
transcriptional activation. As well, c-Jun phosphorylation was
inhibited by LL-Z1640-2, and not radicicol or RAA, in a signal-
specific manner. Ninomiya-Tsuji et al. showed that 5Z-7-
oxozeaenol (LL-Z1640-2) potently inhibited the catalytic
activity of TAK1 (IC50≈8 nM), a member of the mitogen-
activated protein kinase kinase kinase (MAPKKK) family and a
Fig. 3. Comparison of the fold decrease in mRNA half-life (±1 μM RAA) with
the number of SK boxes and number of SK boxes in tandem present in the 3′
UTR. Based on Table 3, fold decreases in mRNA half-lives based on real-time
RT-PCR were correlated either (A) with the number of SK boxes or (B) with the
number of overlapping SK boxes according to the ARED classification
established by Bakheet et al. [38–40]. ARED Groups I, II, III, and IV contain
respectively five or more, four, three, and two overlapping SK boxes. *Group V
mRNAs containing singlet SK boxes were not included in the correlation (B) but
are indicated in the rectangular box.
729I.W.Y. Mak et al. / Genomics 90 (2007) 723–732key player in the regulation of NF-κB, JNK, and p38 MAPK
pathways [52]. The fact that radicicol and other radicicol
analogs did not inhibit TAK1 kinase activity suggests that slight
changes in the chemical structure of the radicicol analogs can
greatly influence cellular response. In addition to suppressing
JNK and p38 activation, LL-Z1640-2, like RAA, also down-
regulates some mRNAs [47,53,54].
The use of SAGE and quantitative real-time RT-PCR
technologies has revealed the potent and specific down-
regulation of mRNAs induced by the fungal metabolite RAA.
This work suggests that RAA can decrease mRNA stability in a
SK box-dependent manner and down-regulate transcript
expression, possibly at the level of mRNA transcription,
through a SK box-independent manner. Whether or not the
ability of RAA to destabilize mRNA and to down-regulate
expression via a presumptive transcription modulation mechan-
ism is mediated via a common pathway is not known but is a
question of interest for future investigation.Materials and methods
Cell culture
The human leukemic monocytic cell line THP-1 (obtained from Novation
Pharmaceuticals, Inc.) was cultured in RPMI 1640 medium (containing
2.05 mM L-glutamine; Gibco), supplemented with 25 mM Hepes (Sigma),
50 U/ml penicillin (Gibco), 50 μg/ml streptomycin (Gibco), 50 μM β-
mercaptoethanol (cell culture grade; Sigma), and 5% heat-inactivated fetal
bovine serum (Gibco), at 37°C with 5% CO2. Unstimulated THP-1 cells were
grown to a density of 5×105 cells/ml prior to stimulation. To differentiate
monocytes into macrophages, THP-1 cells were primed with 100 U/ml IFN-γ
(human, recombinant E. coli; Roche) at t=−3 h and stimulated 3 h later (t=0 h)
with LPS (5 μg/ml, E. coli serotype O26:B6; Sigma). RAA [C20H24O8,
(7S,12S,13S)-(9Z15E)-4,12,13-trihydroxy-1,2-dimethoxy-7-methyl-8,12,13,14-
tetrahydro-7[H]-6-oxabenzocyclotetradecene-5,11-dione] (obtained from Nova-
tion Pharmaceuticals, Inc.) prepared in 100%methanol, or 100%methanol alone
(solvent control), was added at the times indicated. Final RAA and methanol
concentrations in culture were 1 μM and 0.1%, respectively.
SAGE library preparation and data analysis
Total RNAwas isolated at t=24 h from IFN-γ/LPS-stimulated THP-1 cells
exposed to RAA (1 μM) or methanol (solvent control) for 8 h. Total RNA from
adherent cells was isolated using the RNeasyMidi Kit (Qiagen), according to the
manufacturer's instructions, and eluted in DEPC-treated Milli-Q H2O. Quantity
and purity of RNA were determined by absorbance at 260 and 280 nm. Two
SAGE libraries were constructed using the I-SAGE kit (Invitrogen, ShortSAGE,
14 bp) from 20 μg (+RAA) and 25 μg (−RAA) total RNA and sequenced at
Canada's Michael Smith Genome Sciences Centre (GSC) of the BC Cancer
Agency. Data were analyzed using DiscoverySpace software v3.1.2 developed at
the GSC (http://www.bcgsc.ca/platform/bioinfo/software/ds), which eliminated
all linker-generated tags, tags with poly(A) sequences, duplicate tags, and clones
containing≤4 tags. For the remaining or reliable tags, the software provided the
frequency, p value, and tag-to-gene mappings. A total of 91,488 tags from both
SAGE libraries [untreated (47,358 tags) and RAA-treated (44,130 tags)] were
sequenced. A total of 66,734 reliable tags were obtained from IFN-γ/LPS-
stimulated THP-1 cells (t=24 h) representing 34,683 and 32,051 tags, from
−RAA control (8 h incubation with 0.1% methanol) and +RAA (8 h incubation
with 1 μM RAA, 0.1% methanol), respectively. Reliable tags in both libraries
were normalized to 34,700 for comparison. Based on the 99.99% confidence
level, tag-to-gene identities of down-regulated SAGE tags were assigned using:
(1) DiscoverySpace software v3.1.2 accessing the UniGene and RefSeq database
of NCBI, (2) the NCBI database through the BLASTsequence search tool v2.2.6
(http://www.ncbi.nlm.nih.gov/BLAST/), (3) SAGEmap of the NCBI (http://
www.ncbi.nlm.nih.gov/SAGE/), and (4) SAGE Genie of the Cancer Genome
Anatomy Project (http://cgap.nci.nih.gov/SAGE/).
First-strand synthesis
To ensure complete removal of contaminating genomic DNA prior to first-
strand synthesis, aliquots of total RNA (1 μg each) were treated with 1 U
amplification-grade RNase-free DNase I (Invitrogen) in 1×DNase I buffer
(Invitrogen) prepared in RNase-free H2O (10 μl final volume, 25 °C, 15 min).
The reaction was stopped with the addition of 1 μl EDTA (25 mM, pH 8.0,
Invitrogen) and heating at 65°C for 10 min. The total RNA was reverse
transcribed into cDNA using the SuperScript II First-Strand Synthesis System
(Invitrogen) and oligo(dT)12–18 primer, following the manufacturer's instructions.
Quantitative real-time PCR
Real-time PCR analysis was performed from cDNA synthesized from THP-
1 total RNA using the primer pairs shown in Table 4, on an ABI Prism 7900
Sequence Detection System (PE Applied Biosystems) using the SYBR Green I
PCR Master Mix (PE Applied Biosystems) according to the manufacturer's
instructions. The total reaction volume, scaled down to 15 μl, contained 7.5 μl of
SYBR Green I PCRMaster Mix, 1.25 μl forward primer (2 μM), 1.25 μl reverse
Table 4
Primer pairs used for quantitative real-time PCR
mRNA Brief definition 5′ primer 3′ primer
ACTB β-Actin GGTCATCACCATTGGCAATG GGTAGTTTCGTGGATGCCACA
APOBEC3A Apo B mRNA editing enzyme, catalytic GGCTTTCTACACAACCAGGCTA CCAACTGCAAAGAAGGAACCA
B2M β-2-Microglobulin ACCATGTGACTTTGTCACAGCC AATCCAAATGCGGCATCTTC
BAGE B melanoma antigen TCGATCTCCTGACCTCGTGAT CAGCATTTGATAGTGGCTCCA
BCL2A1 Bcl2-related protein A1 ACACAGGAGAATGGATAAGGCA TCTAGAAAAGTCATCCAGCCAG
CCL2 Chemokine (C-C) motif ligand 2 AGAATCACCAGCAGCAAGTGTC TGGAATCCTGAACCCACTTCTG
CCL3 Chemokine (C-C) motif ligand 3 GCTGTCCTCCTCTGCACCAT ATCTGCCGGGAGGTGTAGCT
CCL4 Chemokine (C-C) motif ligand 4 CATGCTAGTAGCTGCCTTCTGC AGCTTCCTCGCGGTGTAAGA
CCL5 Chemokine (C-C) motif ligand 5 CTGCATCTGCCTCCCCATATT GCACTTGCCACTGGTGTAGAAA
CCL8 Chemokine (C-C) motif ligand 8 ACCAACATCCAATGTCCCAA TGCTTCATGGAATCCCTGAC
CHORDC1 C&H-rich domain, Zn binding protein 1 CAGCGCTTCGATCCTGAGA GCAAGACCAACCCTTTAATGC
COX1 Cyclooxygenase-1 AACTTCTGGCAAGATGGGTCC CTGACGCTCCAGATTGTCTCC
COX2 Cyclooxygenase-2 ATCATAAGCGAGGGCCAGCT GCGCAGTTTACGCTGTCTAGC
CXCL10 Chemokine (C-X-C) motif ligand 10 TGCAAGCCAATTTTGTCCAC GATGGCCTTCGATTCTGGATT
CYP3 Cyclophilin F CAAAGGCTCCACCTTCCACA TAGATGGACTTCCCGCCTGT
FTH1 Ferritin, heavy polypeptide 1 CACAAACTGGCCACTGACAAA TCACGTGGTCACCCAATTCT
GAPDH Glyceraldehyde-3-phosphate dehydrogenase AATTCCATGGCACCGTCAAG TTGATTTTGGAGGGATCTCGC
IFIT1 IFN-induced protein ATCTCAGAGGAGCCTGGCTAAG TTGCTCCAGACTATCCTTGACC
IL-10RA Interleukin 10 receptor, α AAACCATCTGTCGCTTCCC GACGTTGGTCACGGTGAAA
IL-1α Interleukin 1α ACTGATGATGACCTGGAGGC TTTCACATTGCTCAGGAAGCTA
IL-1β Interleukin 1β CTTTGAAGCTGATGGCCCTAAA GGAGATTCGTAGCTGGATGCC
IL-23A Interleukin 23, α subunit p19 CCCCATATCCAGTGTGGAGAT CCGATCCTAGCAGCTTCTCATA
IL-6 Interleukin 6 ATTCGGTACATCCTCGACGG TCTGCCAGTGCCTCTTTGCT
IL-8 Interleukin 8 ACATGACTTCCAAGCTGGCC TTAGCACTCCTTGGCAAAACTG
MMP14 matrix metalloproteinase 14 CATGCAGAAGTTTTACGGCTTG CCAAACTTGTCTGGAACACCA
NCF1 Neutrophil cytosolic factor 1 GGTGAAGCTGTTGAGGTCATTC CCCGACTTTTGCAGGTACATG
NFKBIA NF-κB inhibitor, α CTTTTGGTGTCCTTGGGTGCT CAGGATTTTGCAGGTCCACTG
NINJ1 Ninjurin 1 TCATCTCCATCTCCCTTGTGCT GTTGTTGAGGAAGTCCAGCTTG
RAP1B Ras oncogene factor, variant 1 TTGGATACTGCAGGAACGGAG TGGACTGTGCTGTGATGGAATA
RNF8 Ring finger protein 8, variant 1 AGGGTTTGGAGATAGCCCAA TGCTGCGATTTAGCTCTTCC
RPL32 Ribosomal protein L32 TTCCTGGTCCACAACGTCAA GCGGTTCTTGGAGGAAACATT
SGK Serum/glucocorticoid regulated kinase CCTGCATTCACTGAACATCGTT TCTCCTTGCAGAGTCCGAAGTC
SNAPC2 Small nuclear RNA activating complex TACTTGTCCTCTGTCTCCCGA CTGGAAGTGACATGAGCAGGT
TMSB4X Thymosin, β4, X-linked GGCTGAGATCGAGAAATTCGA CCTGCTTGCTTCTCCTGTTCA
TNFSF10 TNF (ligand) superfamily, member 10 TGCAGTCTCTCTGTGTGGCTG CAAGCAATGCCACTTTTGGA
TNFα TNF (ligand) superfamily, member 2 CCCAGGGACCTCTCTCTAATCA GGGTTTGCTACAACATGGGCTA
USP18 Ubiquitin-specific protease 18 GATTTCAGCCAGATCCTTCCAA TGCGCAATCACAGCAAAAAG
ZNF31 Zn finger protein 31 TAGTGCTGAGACTGATGCCCAG GCCTCATTTCAAAACCCATGTC
Primers are written in the 5′ to 3′ direction.
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in H2O), and 4.0 μl H2O. Cycling was performed using the default condition of
the ABI Prism 7900 SDS software v2.0. Real-time PCR conditions consisted of
2 min plate incubation at 50°C, 10 min denaturation step at 95°C, followed by
40 cycles of 15 s at 95°C, 30 s at 58°C, and 30 s at 72°C. In addition to melting-
curve analysis on the dissociation plot for the amplicon, a single melting peak
indicating a single PCR product was verified on 8% polyacrylamide gel
electrophoresis. PCRs were performed in triplicate and included negative no-
template controls.
Thirty-eight primer pairs (see Table 4) that spanned at least one intron–exon
boundary and produced amplicons in the range of 90 to 110 bp, were designed
using Primer Express v2.0 software (PE Applied Biosystems), synthesized
(Invitrogen), and used for quantitative real-time PCR. In addition, primer pairs
for mRNAs known to be down-regulated by RAA but either not detected at the
depth the SAGE libraries were sequenced or not significantly expressed
(p≤0.05), i.e., IL-6, COX2, COX1, and IL-1α (Ref. [2] and unpublished), and
“housekeeping genes” β-actin (ACTB), β-2-microglobulin (B2M), ribosomal
protein L32 (RPL32), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were also included (see Table 4). It should be noted that the CCL4
primer pair does not distinguish between individual members of the CCL4
family since the nucleotide identity between family members is approximately
98%. Likewise the primer pairs for CCL3 and TMSB4X do not distinguish
between family members or transcript variants.Relative quantification of endogenous mRNA using real-time PCR
In the course of validating the SAGE data, the expression of SNAPC2 (small
nuclear RNA activating complex, polypeptide 2, 45 kDa) mRNA, an mRNA
that shares its 3′ SAGE tag with USP18 (ubiquitin-specific peptidase 18)
mRNA, did not change during of THP-1 differentiation from monocyte to
macrophage morphology and was insensitive to RAA (1 μM). Expression levels
of housekeeping mRNAs ACTB, B2M, GAPDH, and RPL32 were unaffected
by RAA (1 μM), but varied during the time course of THP-1 cell differentiation
(from t=−8 to t=24 h). The CT value, which is exponentially related to copy
number, was determined using ABI Prism 7900 SDS v2.0 software. Relative
changes in mRNA expression were calculated using the comparative ΔΔCT
(crossing point) method. Although SNAPC2 mRNA had a high CT value, that
is, low expression, the expression of endogenous mRNAs from THP-1 cells was
normalized to SNAPC2 mRNA expression.
Absolute quantification of endogenous mRNA using real-time PCR
Absolute quantification of target mRNA copy number, was calculated
based on a calibration curve using the 91 bp SNAPC2 real-time PCR
amplicon or calibrator (average Tm of the SNAPC2 primers was 56°C). A
series of eight 10-fold dilutions of the SNAPC2 calibrator (in the range of 102
731I.W.Y. Mak et al. / Genomics 90 (2007) 723–732to 109 cDNA molecules) was amplified using real-time PCR to obtain a
standard curve (CT values were plotted versus the log of the input template
concentrations). All transcripts showed optimal PCR efficiencies, in the range
of 1.0 to 1×105 pg of total RNA input with high linearity. The reproducibility
of the calibration curves was examined by calculating mean and range values
for each dilution. Similar copy numbers were obtained using a 113-bp CCL5
[chemokine (C-C) motif ligand 5] cDNA amplicon (average Tm of the CCL5
primers was 60°C). Primer pairs of all mRNAs listed in Table 4 had melting
temperatures and amplicon lengths within the range of the SNAPC2 and
CCL5 calibrators.
Actinomycin D concentration required to inhibit THP-1 mRNA
transcription
Aiming to eliminate mRNA transcription while maintaining THP-1 cell
viability, transcriptional inhibition was determined as a function of actinomycin
D (ActD) concentration, using a 5-bromouridine 5′-triphosphate (BrUTP)/
immunofluorescent labeling/fluorescence-activated cell sorter (FACS) techni-
que. The detection of BrUTP-labeled RNA by immunofluorescence and
confocal microscopy techniques, which has been previously described [29–31],
was adapted for THP-1 cells and fluorescent quantitation by FACS. Briefly,
THP-1 cells were treated with various concentrations of ActD for 15 min.
BrUTP was transfected into the cells using FuGENE lipofection (Roche) using
the manufacturer's instructions for incorporation into nascent RNA [32]. After a
15-min BrUTP/FuGENE 6/THP-1 incubation (37°C under 5% CO2), cells were
washed with cold Dulbecco's PBS containing 2% FBS and detached with
trypsin–EDTA (Invitrogen). Cells were fixed with 1% paraformaldehyde (in
PBS, pH 7.5; Sigma), permeabilized with cold 100% methanol, and then
incubated (1 h, 22°C) with an anti-BrdU antibody conjugated to Alexa Fluor 488
(6 μg/ml final concentration, mouse IgG, monoclonal PRB-1; Molecular Probes;
diluted in Dulbecco's PBS containing 4% FBS and 0.2% Triton X-100).
Immunostained cells were washed with 2% FBS/Dulbecco's PBS, and fluor-
escence was measured using a Beckman Coulter Epics Elite ESP (488 nm
excitation, 525 nm emission). A total of 10,000 events were collected for each
sample. THP-1 cells treated up to 240 min with ActD (5 μg/ml) (in both
monocytic and IFN-γ/LPS-treated cells) were 98% transcriptionally inhibited,
which is in agreement with [3H]-uridine incorporation of RNA in THP-1 cells
reported by Huang et al. [33]. Higher concentrations of ActD lead to decreased
cell viability.
mRNA half-life determination
THP-1 cells [both unstimulated (t=−8 h) and 16-h post-IFN-γ/LPS-
stimulated] were treated with ActD (5 μg/ml; Invitrogen), RAA (1 μM), both
ActD (5 μg/ml) and RAA (1 μM), or control vehicle alone (DMSO and
methanol). ActD (5 μg/ml) inhibited 98% mRNA transcription either at t=−8
or at 2 and 16 h post-IFN-γ/LPS, regardless of the ActD incubation time
(t=15 or 240 min). Final concentrations of DMSO and methanol were 0.1%
each. Total RNA was isolated at 0, 15, 45, and 75 min after treatment using
the RNeasy Midi Kit (Qiagen). Culture medium was aspirated off and Lysis
Buffer RTL [Qiagen; supplemented with β-mercaptoethanol (cell culture
grade; Sigma)] was added directly to the adherent cells. Cells in suspension
(unstimulated THP-1 cells) were first centrifuged (Beckman GS-6R,
2500 rpm, 5 min, 4°C) and culture medium was aspirated off, prior to the
addition of Lysis Buffer RTL. Total RNA was then isolated according to the
manufacturer's instructions and eluted in DEPC-treated Milli-Q H2O. mRNA
levels for the mRNAs listed in Table 2 were quantitated using two-step real-
time RT-PCR. mRNA decay was determined by plotting the natural
logarithms of copy number per microgram of RNA versus ActD incubation
time. The mRNA half-life (t1/2) was calculated from the slope of the graph
using the formula t1/2=−slope−1× ln 2.
Statistical analysis
To assess variations in mRNA expression determined by two-step real-time
RT-PCR, statistical analysis was performed (Prism v3.0). Pearson correlation
coefficients (r) were used for statistical comparisons of the differences seen inexpression levels between samples. Statistics were assessed using a Student t
test, assuming double-sided independent variance. p values of b0.05 were
considered to be significant.Acknowledgments
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